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ABSTRACT

Equatorial Deep Jets (EDJs) are equatorially trapped, stacked, zonal currents

that reverse direction every few hundred meters in depth throughout much

of the water column. This study evaluates their structure observationally in

all three oceans using new high vertical resolution Argo float conductivity-

temperature-depth (CTD) instrument profiles from 2010–2014 augmented

with historical shipboard CTD from 1972–2014 and lower vertical resolution

Argo float profiles from 2007–2014. Vertical strain of density is calculated

from the profiles and analyzed in a stretched vertical coordinate system deter-

mined from the mean vertical density structure. The power spectra of vertical

strain in each basin are analyzed using a wavelet decomposition. In the In-

dian and Pacific oceans, there are two distinct peaks in the power spectra, one

Kelvin-wave-like and the other entirely consistent with the dispersion rela-

tion of a linear first-meridional-mode equatorial Rossby wave. In the Atlantic

Ocean, the first-meridional-mode Rossby wave signature is very strong, and

dominates. In all three ocean basins Rossby-wave-like signatures are coher-

ent across the basin width, and appear to have wavelengths the scale of the

basin width, with periods of 5±1 years in the Indian and Atlantic oceans and

12±5 years in the Pacific Ocean. Their observed meridional scales are about

1.5 times the linear theoretical values. Their phase propagation is downward

with time, implying upward energy propagation if linear wave dynamics hold.
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1. Introduction33

Equatorial Deep Jets (EDJs) are equatorially trapped, stacked, zonal currents that alternate di-34

rection every few hundred meters in depth. The jets present in all three ocean basins, throughout35

much of the water column (Johnson et al. 2002; Johnson and Zhang 2003; Luyten and Swallow36

1976). In recent years, the effects of the EDJs on water-mass-property distributions have been37

studied in the Atlantic Ocean. For example, Schmid et al. (2005) find that EDJs affect zonal trans-38

port of intermediate and deep water masses in the Atlantic. Brandt et al. (2011, 2012) argue that39

as well as ventilating the deep equatorial Atlantic Ocean, the EDJs even force inter-annual atmo-40

spheric variability through their upward energy propagation. We are not aware of similar studies41

in the Indian and Pacific oceans even though the equatorial Pacific strongly affects global climate42

on interannual and perhaps longer time-scales (e.g., Ropelewski and Jones 1987; England et al.43

2014). Thus, we are motivated to study the structure and dynamics of the EDJs across all three44

oceans.45

Many different surveys and analyses have focused on EDJs signatures on the Equator in the46

Pacific. In meridional velocity transects at 168◦E and 179◦E, dropsonde profiles recorded features47

with vertical scales of hundreds of meters and time scales longer than the 1-month cruise (Eriksen48

1981). These data exhibit very little zonal coherence, perhaps owing to the Gilbert Islands sep-49

arating the two transects. Using an equatorial transect of dropsonde profiles, Leetmaa and Spain50

(1981) find zonal currents of ∼300-m vertical scale with zonal coherence of greater than 10◦ of51

longitude. Firing (1987) uses 16 months of dropsonde measurements in meridional transects at52

159◦W, collected during the Line Islands Profiling Project as part of the PEQUOD campaign, to53

investigate these deep zonal currents. That study finds EDJs with a vertical scale of 150–400 m54

between the thermocline and 3000-m depth that exhibit sporadic vertical shifts in position. Ponte55
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and Luyten (1989) perform spectral analysis on 16 months of dropsonde and CTD data collected56

over 20◦ longitude also as part of the PEQUOD campaign to study the EDJs. They see two peaks57

at 560 and 400–331 stretched meters and call the latter the EDJs, but have a difficult time charac-58

terizing the EDJ signal. Using historical CTD data, Johnson et al. (2002) find EDJs in the eastern59

Equatorial Pacific with a vertical wavelength of 400 stretched decibars and a decades-long period.60

The use of unstretched and stretched vertical coordinates in various studies makes an exact61

comparison of wavelengths difficult, as the vertical density profiles used for the stretching would62

be required. However, the reported EDJ vertical wavelengths appear to be in general agreement.63

As long Rossby and Kelvin waves are geostrophic, their signatures in vertical strain and zonal64

velocity should have identical vertical wavelengths (e.g., Eriksen 1982).65

Dropsonde measurements in the western Indian Ocean collected in April and June 1979 allow66

identification of zonal jets of 500–429 stretched meters vertical wavelength on the Equator, (Ponte67

and Luyten 1990), longer than that in the Pacific. Velocity and CTD profiles along 80.5◦E in the68

Indian Ocean between December 1990 and September 1994 find EDJs with a vertical wavelength69

of 660 stretched meters (Dengler and Quadfasel 2002).70

In the Atlantic Ocean, velocity profiles from sections along 35◦W and 13◦W find EDJs with a71

vertical scale of 400–600 meters, also larger than the vertical scale in the Pacific (Gouriou et al.72

1999). Velocity profiles along 35◦W, 23◦W, and 10◦W from summer of 1999 show coherence of73

EDJs over 25◦ longitude (Gouriou et al. 2001). Vertical strain sections from historical CTD data74

show a peak around 661-sdbars in the Atlantic ocean with a period of 5±1 years, downward phase75

propagation, and a zonal wavelength of 70◦± 60◦ longitude (Johnson and Zhang 2003). Similar76

period results are found from Argo float velocity data and much higher temporal resolution moored77

velocity profiler data (Brandt et al. 2011).78
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Many studies have interpreted EDJ observations in the Pacific within the framework of linear79

wave theory. Eriksen (1981) recognizes the need for long-period Rossby waves to explain the80

width of the jets, but also finds that Kelvin waves may play a role, and that short-period mixed81

Rossby-gravity waves may help to explain the meridional velocity on the Equator. Leetmaa and82

Spain (1981) suggest that the EDJs are either long Rossby or Kelvin waves. The two spectral83

peaks seen by Ponte and Luyten (1989) are interpreted separately. The peak at 560 stretched84

meters is characterized as a first-meridional-mode equatorial Rossby wave and the peak at 331–85

400 stretched meters is characterized as a packet of Kelvin waves. Muench et al. (1994) find that86

the EDJs perturb potential vorticity, a feature that is seen in equatorial Rossby, but not Kelvin87

waves. Johnson et al. (2002) suggest that the EDJs in the Eastern Pacific may be consistent with88

Kelvin wave phase relations, but without the benefit of much off-equatorial data to distinguish89

between Kelvin and Rossby waves. Thus, the interpretation of the EDJs in the Pacific appears90

ambiguous.91

In the Indian Ocean, Ponte and Luyten (1990) find the component of the EDJs with vertical92

wavelength of 429 stretched meters to be consistent with Kelvin wave phase relations, but could93

not resolve the feature with 500-stretched meter vertical wavelength. On the other hand, Dengler94

and Quadfasel (2002) find the EDJs at 660-stretched meter vertical wavelength to be consistent95

with a non-dispersive first-meridional-mode Rossby wave by phase relations and meridional dis-96

tributions of zonal velocity. From current meter moorings in the eastern Atlantic, Weisberg and97

Horigan (1981) find EDJs to be similar to long Rossby waves. Dropsonde measurements taken at98

36◦W are most consistent with Kelvin wave dynamics (Eriksen 1982). The meridional structure99

of vertical strain of the EDJs is consistent with first-meridional-mode Rossby waves, although too100

broad for simple inviscid theory (Johnson and Zhang 2003). Brandt et al. (2011) find maximum101
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explained variance of the 1000-m Argo velocities for a high vertical mode westward-propagating102

Rossby wave signature of basin wavelength.103

This study investigates the EDJs in all three ocean basins to compare and contrast their features.104

We use vertical strain (ξz), a measurement of the squashing and stretching of the density field,105

to analyze the EDJs. We compute vertical strain from a large quantity of historical shipboard106

CTD and Argo float profiles. Vertical displacement has also been used to analyze the density field107

(e.g., Eriksen 1982), but is strongly aliased by profile-to-profile differences in salinity calibrations108

(Eriksen 1981). In order to avoid these errors, which could be a very significant source of noise109

when using data from many different instruments and cruises, we use ξz instead. We use the110

Wentzel-Kramers-Brillouin-Jeffreys (WKBJ)-scaled stretched pressure (sdbar) as a vertical coor-111

dinate to account for the impacts of varying stratification (Leaman and Sanford 1975). We discuss112

the data used and their processing in Section 2. We provide a qualitative description of vertical113

strain sections from the Pacific in Section 3 and follow with quantitative analysis using wavelet114

decomposition in all three ocean basins in Section 4. In Section 5, we summarize and discuss the115

results.116

2. Data and Processing117

Here we use a mix of high vertical resolution shipboard CTD and recent Argo profiles, sup-118

plemented where necessary by lower vertical resolution Argo profiles. Traditionally, owing to a119

slow data telemetry system and power limitations, Argo floats sample at varying resolutions with120

a median of around 70 samples per 2000-m profile. Vertical sample spacing for these floats gen-121

erally increases with increasing depth. Starting in 2006, Argo floats that report data at a vertical122

resolution of 2 dbars began to be incorporated into the global network, with many of these floats123

deployed in the equatorial Pacific beginning in 2010. This increased sampling resolution is made124
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possible by the use of the Iridium satellite for communication. Compared to the Argo profiles,125

the shipboard CTD stations available are quite sparse in space, but owing to their longer histori-126

cal record, as well as the fact that they sometimes extend to the ocean bottom, they are included127

in analysis (Figure 1). Shipboard CTD data were assembled from the National Oceanographic128

Data Center (NODC), Pacific Marine Environmental Laboratory (PMEL), and CLIVAR & Carbon129

Hydrographic Data Office (CCHDO) databases.130

We find 7,113 Argo profiles within±8.5◦ latitude of the Equator across the Pacific Ocean dating131

from January 2010 through May 2014 that reach at least 1990-dbar pressure with no data gaps132

larger than 20 dbar (Figure 1, Table 1). These profiles are only from Argo floats using Iridium133

telecommunications. We add to those data profiles from 2,863 shipboard CTD stations reaching134

at least 1990 dbars and containing no data gaps of greater than 20 dbars within ±8.5◦ of the135

Equator across the Pacific (Figure 1) for the years 1974 to 2012, after carefully screening for and136

eliminating any possible duplicate stations. Data are sparse from 1972–1984, so these years are137

not plotted in Figure 1.138

There are as of yet very few Iridium Argo floats in the equatorial Indian Ocean, so we use 1,965139

profiles from traditional and Iridium Argo floats collected from 2007 to 2014 to supplement the140

1,143 shipboard CTD stations that reach at least 1990-dbar pressure collected from 1978 to 2007141

within ±8.5◦ latitude of the Equator (Figure 1, Table 1). We only use Argo profiles with what we142

deem sufficient vertical resolution. In concordance with the traditional Argo float data sampling143

schemes, and our stretched vertical coordinate system, we require finer vertical sampling closer144

to the surface. We allow no gaps >100 sdbar anywhere in the 400–1990-dbar range over which145

spectral analyses are applied to these profiles.146

Again, there are very few Iridium Argo floats in the equatorial Atlantic Ocean, but because the147

Atlantic signal has the largest vertical wavelength, and because there are sufficient shipboard CTD148
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profiles to resolve the EDJ signals in the Atlantic (Johnson and Zhang 2003), we use only those149

1,312 shipboard CTD profiles from the Atlantic reaching at least 3000 dbars collected from 1972150

to 2012 and containing no data gaps of greater than 20 dbars within ±8.5◦ latitude of the Equator151

(Figure 1, Table 1).152

Profile processing follows Johnson and Zhang (2003). First the individual profiles are inter-153

polated to a regular 2-dbar pressure grid, whereupon they are low-pass filtered with a 20-dbar154

half-width Hanning filter, and subsampled at 10-dbar intervals (Johnson et al. 2002). The pro-155

files are then used to estimate buoyancy frequency squared, N2 = −(g/ρ)(∂ρ/∂ z), by centered156

differences over 20-dbar spans where g is the acceleration due to gravity, z is depth, and ρ is157

the potential density referenced to a local central pressure. Linear wave theory dictates that the158

local vertical stratification affects the amplitudes and wavelengths of features present in the wa-159

ter column, so to compensate for this depth-dependent factor, Wentzel-Kramers-Brillouin-Jeffreys160

(WKBJ) scaling and stretching is used (Leaman and Sanford 1975). This method compensates for161

vertical variations in the time-average vertical stratification by stretching the vertical coordinate162

system and scaling the signal amplitudes. Thus, variations of vertical wavelength and amplitude163

of wave signatures modulated by vertical variations in the time-averaged vertical stratification are164

minimized, the better to identify features using standard spectral methods.165

We compute approximate time- (and lateral-) average vertical profiles of N and N2 for each166

basin, denoted respectively by 〈N〉 and 〈N2〉 as required by the WKBJ scaling (Figure 2). These167

quantities are computed by averaging N and N2 at each pressure level for every profile within each168

basin, after which they are smoothed vertically by a 39-point (200-dbar half-width) Hanning filter169

(Johnson and Zhang 2003). From the filtered profiles, we compute the WKBJ scaled pressure,170

p∗ = (1/No)
∫ p

0 〈N〉d p, for each basin where No is the pressure-averaged value of 〈N〉 (Table 2)171

within that basin. This transformation results in the pressure range for each basin being identical172
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in the stretched and unstretched coordinate systems. We choose the maximum depth of this range173

to be the zonally averaged depth of each basin along the Equator to allow estimates of the vertical174

mode numbers of the EDJs. However, this average depth may be less than used in other studies,175

so vertical mode numbers are not necessarily directly comparable.176

From N2 we compute vertical strain, ξz = (N2−〈N2〉)/(〈N2〉), to reveal stretching and squash-177

ing of the density field. The profiles of ξz are first estimated on the original pressure grid, and178

then interpolated onto the stretched pressure grid. For this interpolation, if 〈N〉> No then a simple179

linear interpolation is used, but if 〈N〉< No then the raw values are slightly smoothed to preserve180

energy for vertical wavelengths of 20 sdbars and longer, due to simple linear interpolation aliasing181

short-wavelength information (Johnson and Zhang 2003).182

We focus on the vertical range from 400–1990 dbars in the Indian and Pacific oceans and 400–183

3000 dbars in the Atlantic, regions where the deep jets are most apparent. While deep jets have184

been observed as shallow as 250 dbars, we limit the top of our range because stratification changes185

dramatically above 400 dbars and varies widely across basins. Previous studies have noted EDJs186

as deep as 3000 dbars in the Pacific and Indian oceans (e.g., Johnson et al. 2002; Dengler and187

Quadfasel 2002), but our range in these two oceans is limited by that of the Argo float data, which188

are necessary to characterize the EDJs across the entire basins using vertical strain.189

3. Qualitative Description190

Since the EDJs have been shown to be equatorially trapped and geostrophic (Eriksen 1982;191

Muench et al. 1994), their zonal velocity anomalies correspond to squashing and stretching of192

the density fields on the Equator, e.g. the vertical strain (ξz). The relationship between ξz and193

zonal velocity depends on the type of wave (Figure 3). An equatorial Kelvin wave has an on-194

equatorial maximum amplitude of vertical strain and velocity (Figure 3a), but a first-meridional-195
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mode Rossby wave has an off-equatorial maximum in the vertical strain amplitude and an on-196

equatorial maximum velocity amplitude (Figure 3b). The maximum amplitude of ξz is on the197

Equator for Kelvin waves and off the Equator for first-meridional-mode Rossby waves (Figure 3),198

making it possible to use ξz to differentiate the two. In contrast, zonal velocity maxima are on199

the Equator for both waves. The main advantage of ξz is that density is measured much more200

often than velocity, allowing basin-wide analyses of ξz over long time-scales. Of course, there are201

other phenomena, such as the much shorter time-scale mixed Rossby-gravity waves, that have a202

signature in vertical strain fields. Those phenomena are not resolved by the CTD profiles analyzed203

here, and thus are treated as noise.204

We discuss vertical strain contoured against pressure versus latitude, longitude, and time in the205

Pacific to identify the EDJs. The ξz profiles are smoothed by a loess filter with a half-width of 150206

sdbar here, so as to reduce noise while not overly-reducing the power spectral peak at∼250-sdbars207

vertical wavelength that will be seen in the wavelet analysis of unsmoothed profiles in Section 4.208

The profiles used for the meridional and zonal sections were taken between July 2013 and May209

2014 to capture waves at one instance in phase of the EDJs, while averaging over the noise of high210

vertical mode mixed Rossby-gravity waves and other high-frequency phenonoma. Annual Rossby211

waves, while prominent, have vertical wavelengths of a few 1000 m (e.g., Kessler and McCreary212

1993), so they are not present in the range of vertical strain vertical wavelengths analyzed here.213

The time period used limits the data to high-resolution Argo profiles. The contouring is done by214

ordinary linear interpolation.215

Smoothed meridional-vertical strain at two well sampled meridians in the western and eastern216

Pacific Ocean (Figure 4) displays signatures of the EDJs. At both 165◦E and 110◦W, an off-217

equatorial maximum is seen at around ± 1◦ to ± 1.5◦ latitude in the sections. This off-equatorial218

maximum is stronger and perhaps further from the Equator at 165◦E. The off-equatorial signal is219
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also more coherent deeper in the water column, whereas the on-equatorial signal is more coherent220

shallower in the water column. There also appears to be a longer vertical wavelength — about 350221

sdbars — for the feature at± 1.5◦ latitude than for the feature on the Equator, which has a vertical222

wavelength of about 250 sdbars.223

Smoothed zonal-vertical strain fields within 0.25◦ latitude of the Equator and of ±1.5◦ latitude224

for July 2013 to May 2014 exhibit coherence over different zonal scales (Figure 5). Along the225

Equator, the vertical strain is not obviously coherent over large zonal or vertical scales. In contrast,226

at±1.5◦ latitude, the signal is visually coherent over the pressure range considered, and across the227

entire basin. The zonal wavelength is visually estimated to be the width of the basin, with the228

phase propagating downwards to the east, especially east of the dateline.229

Smoothed equatorial vs. off-equatorial temporal-vertical strain fields in the eastern Equatorial230

Pacific (Figure 6) also have differing characteristics with a visual analysis. At the Equator, visual231

inspection suggests a signal in vertical strain that may be propagating upward with time with a232

period of about 2.5 years, but the weak coherence makes that conclusion very speculative. In233

contrast, at ±1.5◦ latitude, the signal seems to propagating downward with time with a period of234

about 12 years over the entire pressure range. Of course, inferring a 12-year period from visual235

inspection of a 4-year record implies a very tentative estimate, but the signal at ±1.5◦ latitude is236

much more coherent than the signal at the Equator.237

In summary, there are two different latitudes in the Pacific at which there are maxima in the238

amplitude of the strain fields, one at the Equator and the other at around ±1.5◦ latitude (Figure 4).239

The peak in the strain field at the Equator is broadly consistent with the structure of an equatorial240

Kelvin wave and the off-equatorial peak in the strain field is broadly consistent with an equato-241

rial first-meridional-mode Rossby wave (Figure 4a), except for some indications of hemispheric242

asymmetry, which are addressed below. The equatorially-peaked feature might be propagating243
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upwards in time with a period of 2.5 years (Figure 6a), but lacks the coherence to determine the244

zonal scale. The off-equatorially peaked feature seems to be propagating downward with time245

with a period of about 12 years and propagating downwards to the east with a zonal wavelength of246

the width of the basin (Figure 5,6b). Overall, the off-equatorial signal is much more coherent than247

the on-equatorial signal.248

4. Quantitative Analysis249

EDJs in the Pacific have been shown to be localized below the thermocline in the water column250

with a maximum amplitude near 2000 dbars (e.g., Johnson et al. 2002). Because EDJs may vary251

with pressure, wavelet analysis is well suited for an energy and phase analysis of the EDJs (Tor-252

rence and Compo 1998). The profiles used for wavelet analysis are not the smoothed profiles used253

in Section 3, but instead the interpolated profiles that should resolve signals down to a 40-sdbar254

vertical wavelength. The coarser sampling of the traditional Argo profiles we use in the Indian255

Ocean means that some of the shorter vertical wavelength energy will be lost, resolving down to256

200-sdbar vertical wavelength, but with the restrictions we put on vertical gaps in the data for257

those profiles, they still well resolve the EDJ signals. We apply wavelet analysis over 400–2000258

dbars in the Pacific and Indian oceans, and 400–3000 dbars in the Atlantic Ocean, because these259

are regions where 〈N〉 does not vary too much laterally, so the stretching and scaling is likely to260

be valid (Eriksen 1981). Since ξz is a normalized, prewhitened quantity, no preparation is required261

for the wavelet analysis (Johnson and Zhang 2003). We use a Morlet wavelet as the wavelet func-262

tion, following Johnson and Zhang (2003). The profiles are zero padded to minimize edge effects263

and the regions where edge effects are important are blanked out. The spectra for each basin are264

normalized by the mean variance (σ2) of all profiles in each basin that are located further than265

±3◦ latitude from the Equator (Table 2). This normalization allows us to look at near-equatorial266
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departures from an off-equatorial background level of vertical strain variance. The reduced verti-267

cal resolution of the traditional Argo profiles included in the Indian Ocean analysis may be part of268

the reason that σ2 is lower there than in the other two oceans.269

Mean power spectra reveal meridional and vertical structure of the EDJs (Figure 7). We analyze270

non-overlapping bins centered at 0◦, ±0.33◦, ±0.67◦, ±1◦, ±1.5◦, ±2◦, . . ., ±5◦ latitude. In all271

three ocean basins, we see peaks in the power spectrum on and off the Equator (Figure 7). In both272

latitude ranges peaks are located near the center of the pressure range. We focus our discussions273

on these peaks.274

In all three oceans, the equatorial peak has a slightly shorter vertical wavelength than the off-275

equatorial peak (Figure 7). The equatorial and off-equatorial peaks are all strongest in the Atlantic276

and weakest in the Pacific Ocean. The vertical wavelength of the off-equatorial peak is longest277

in the Atlantic and shortest in the Pacific (Figure 7, Table 2). Also, in every ocean basin there278

is an equatorial peak localized in the upper part of the water column (around 800 dbars) with a279

significantly shorter vertical wavelength than the other features. This peak may not be related to280

the EDJs.281

The power spectra along the center of the pressure range analyzed (976 dbars Pacific, 1034282

dbars Indian, 1240 dbars Atlantic) for the bins at various distances from the Equator show merid-283

ional structure of the various peaks (Figure 8). The Pacific Ocean has a very broadband peak on284

the Equator with a vertical wavelength of 120–400 sdbars and a much narrower peak near ±1◦285

latitude with a vertical wavelength of 360 sdbars (Figure 8a). The Indian ocean has similar broad-286

banded structure near the Equator, but perhaps bracketed by distinct peaks at 120 and 400 sdbars,287

again with a narrow peak at 428 sdbars around ±1.5◦ latitude (Figure 8b). In the Atlantic, there288

is a very strong peak near ±1.5◦ latitude at a 467-sdbar vertical wavelength and a weaker peak289

near the Equator at 400-sdbar vertical wavelength (Figure 8c). Here we suggest that the decay of290
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power with increasing distance from the Equator at the vertical wavelengths of the equatorial spec-291

tral peaks is consistent with the meridional structure of Kelvin waves. However, in what follows,292

we focus more on the off-equatorial peaks, showing that their vertical wavelength, period, and293

zonal wavelength are all consistent with the dispersion relation for first-meridional-mode equato-294

rial Rossby waves in each ocean basin. Furthermore, their meridional structure, while somewhat295

broader than predicted by theory, otherwise agrees with it as well.296

The power of ξz of a first-meridional-mode equatorial Rossby wave is given by297

b{[1 + 2(y/l)2]exp[−0.5(y/l)2]}2. For an equatorial Kelvin wave power is given by298

d{exp[−0.5(y/l)2]}2. Here b is the Rossby wave energy level and d is the Kelvin wave energy299

level, and l = (c/β )0.5 is the meridional scale, with β = 2.3×10−11m−1s−1 being the meridional300

derivative of the Coriolis parameter and c = (λzNo)/(2π) the Kelvin wave phase speed. Using the301

power spectra at the pressures (1049 dbar in the Pacific Ocean, 906 dbar in the Indian, and 1240302

dbar in the Atlantic) and latitude bins (±1◦ in the Indian and Pacific oceans, and ±1.5◦ in the At-303

lantic) with maximum off-equatorial signal in each basin, the vertical wavelengths for which the304

variance drops to half-maximum from the peak amplitude are used for uncertainty ranges (Table305

2). This information is used to compute the likely ranges of l and vertical mode number (for the306

zonally averaged depth, perhaps less than the depth used in previous studies) in each ocean (Table307

2).308

We can further quantify the meridional structure of the EDJs by examining the power at the pres-309

sure of the maximum variance at the longer-vertical-wavelength (off-equatorial) peak in each basin310

(Figure 9) as a function of latitude. We use the same non-overlapping latitude bins this purpose,311

fitting the observed mean meridional structure of power to that predicted for equatorial Kelvin312

and Rossby waves of energy d and b respectively, along with a background energy level a (Figure313

9). In addition to those three free parameters, we allow l, the meridional scale for the waves, to314
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vary from the a priori theoretical value in each basin (Table 2). The observational estimates of315

l are larger by a factor of 1.5 than the theoretical values in all three basins. However, only the316

observational estimate of l in the Atlantic Ocean disagrees significantly with the theoretical pre-317

diction from linear wave theory when the confidence limits (given by the uncertainties in vertical318

wavelengths derived from the widths of the spectral peaks) are considered. At the wavelength and319

pressure levels analyzed in each basin, the fits again suggest that the very strong Rossby-wave sig-320

nature dominates in the Atlantic Ocean, even on the Equator. In contrast, in the Indian and Pacific321

oceans the Kelvin wave signatures have slightly higher peak energies than the Rossby-wave sig-322

natures. Overall equatorial planetary wave energy levels are intermediate in the Indian Ocean, and323

lowest in the Pacific. However, even in the Indian and Pacific oceans, the Rossby-wave signature324

dominates the vertical strain off the Equator.325

Finally, in each ocean basin we estimate periods and zonal wavelengths from observations by326

fitting a plane wave (e.g., sin(2πx/λx−2πt/τ +φ), where the free parameters are the zonal wave-327

length λx , the period τ , and the phase offset φ , (see Johnson and Zhang (2003) for more infor-328

mation on plane wave fitting). We make these fits to phase estimates from each profile for the329

coherent, narrowband off-equatorial Rossby wave-like peaks in the power spectra (Table 2), again330

at the pressures where the peaks are a maximum in each basin (Figure 9). For each basin we331

carefully select an off-equatorial latitudinal band and a cut-off variance below which we do not332

attempt to fit the phase estimate from a profile (Figure 10). The plane waves explain only a frac-333

tion of the variance, and results are somewhat sensitive to choices of latitude bands and cut-off334

variances. Our selections minimize uncertainties in the fits by concentrating on phase estimates335

from profiles with a strong signal. Nonetheless, there is a significant spread in the phase residuals,336

especially in the Pacific and Indian oceans (Figure 10). In the Atlantic Ocean, the signal variance337

is much higher, and the fit is better. Again, the plane waves explain only a fraction of the variance338
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in each basin, but they do show there are coherent signatures of the EDJs at basin scales and very339

long time periods. Furthermore, while there is sometimes asymmetry of the off-equatorial signal340

in quasi-synoptic sections (Figure 4), basin-wide coherent signals isolated by the plane-wave fits341

are indistinguishable when the analysis presented here is performed separately in each hemisphere342

(not shown). The coherent signals appear to be symmetric across the Equator, as expected for long343

Rossby waves.344

The periods estimated from these plane-wave fits are 12±5 years in the Pacific Ocean and 5±1345

years in both the Indian and Atlantic oceans (Figure 10, Table 2). The zonal wavelengths estimated346

from the fits are 130◦± 110◦ longitude in the Pacific Ocean, 70◦± 60◦ in the Indian Ocean, and347

70◦± 40◦ in the Atlantic Ocean. In all three oceans phase propagation for these fits is westward348

and downward in time, with the latter suggesting upward energy propagation if these features are349

indeed linear first-meridional-mode equatorial Rossby waves. While the uncertainties for the zonal350

wavelengths are large, their central values are on the order of the zonal width of their respective351

basins at the Equator. Also, given the vertical wavelength and the estimates of the period in each352

basin, the zonal wavelengths predicted for a first-meridional-mode equatorial Rossby wave agree353

very well with the central values of the observations estimates of that quantity from the plane-wave354

fits (Table 2). Here the theoretical zonal wavelengths are given by the linearized first-meridional-355

mode Rossby wave dispersion relation, λx =
c
3T where c is the Kelvin wave phase speed (Table 2).356

We estimate c from the observational estimate of the vertical wavelength λz from the spectral peak357

and the observational period T estimated from the planar fit. Increasing variance to the west at358

those wavelengths, pressures, and off-equatorial latitudes is also apparent in all three ocean basins359

(Figure 10).360
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5. Discussion361

Vertical strain signatures in all three ocean basins exhibit a relatively broad-band spectral peak362

at the Equator over a large range of pressures below the thermocline with vertical wavelengths of a363

few hundred sdbar (Figure 7) and variance amplitudes significantly larger than background levels364

found a few degrees or more from the Equator (Figure 8). The decay in amplitude of these peaks365

with increasing distance from the Equator is consistent with high-vertical mode equatorial Kelvin366

waves (Figure 9). However, we are unable to find large-scale zonal or temporal coherence to this367

signal, perhaps owing to its broad-band nature caused by the superposition of Rossby and Kelvin368

wave signals.369

In contrast, there is a narrow-band off-equatorial peak with slightly longer vertical wavelengths370

than the broadband equatorial peak (Figures 7, 8) in all three basins. The pattern of variance371

amplitude for this peak with distance from the Equator is grossly consistent with the structure of372

the first-meridional-mode equatorial Rossby wave, although its meridional scale is about 1.5 times373

wider than the theoretical scale in all three oceans (Figure 9, Table 2). These Rossby-wave-like374

structures exhibit large-scale zonal (Figure 5) and long-time temporal (Figure 6) coherence. Fits of375

a plane wave to the phase of these-off-equatorial peaks in each basin, while somewhat noisy in the376

Indian and Pacific oceans (Figure 10), nonetheless confirm coherent signals across the basin and377

over the sampling times with observational estimates of vertical wavelengths, periods, and zonal378

wavelengths that are completely consistent with the dispersion relation for first-meridional-mode379

equatorial Rossby waves (Table 2). In all three ocean basins the phase propagation for this signal380

is westward and downward in time, consistent with a Rossby wave and suggesting upward energy381

propagation if linear wave theory is applicable.382
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There are large differences in the variance of these signals in the different basins (Figures 7,8,9).383

The strongest, most coherent signal is the Rossby-wave-like one in the Atlantic Ocean, which384

dominates in that basin. In the Indian and Pacific oceans, the Rossby-wave-like and Kelvin-wave-385

like signals are of similar amplitudes, with the Pacific having the smallest amplitude signals. In386

addition, variance of the Rossby-wave-like signal appears to increase to the west at the pressures387

of maximum variance and the vertical wavelengths of the off-equatorial spectral peaks in all three388

ocean basins (Figure 10). Of course, given the sparse sampling in space and time in the Atlantic389

and Indian oceans, and the short (with respect to an estimated 12-year period) 4 years of intense390

sampling in the Pacific (Figure 1), it is possible that this pattern is aliased. On the other hand, it391

does appear in all three ocean basins.392

Over the years, EDJs have been interpreted differently using linear wave theory, but the different393

results are not as inconsistent as they first may seem. Ponte and Luyten (1989) find two peaks in394

their power spectra in the equatorial Pacific Ocean, one at 560 stretched meters and the other at395

331–400 stretched meters. They characterize the peak at 560 stretched meters as a first-meridional-396

mode Rossby wave and the peak at 331–400 stretched meters as a packet of Kelvin waves. If we397

adjust for different Nos used, the wavelengths of the peaks are nearly identical to those we find.398

Their interpretations of the different features are also almost identical to ours. The main difference399

is that Ponte and Luyten (1989) don’t include the peak at 560 stretched meter vertical wavelength400

as a component of the EDJs. From Figure 4 and the analysis done in Section 3, it is clear that a401

component of the EDJs includes the Rossby-wave-like signal. Johnson et al. (2002) interpreted the402

Pacific EDJs as a Kelvin wave. However, they were only able to find a coherent phase pattern over403

a range of only 50◦ longitude in the Eastern Pacific, so their results are limited. They estimated the404

period to be decades long, a result which is inconsistent with the equatorial Kelvin wave dispersion405

relation. However, the analyses in Johnson et al. (2002) do reveal a peak in the power spectrum at a406
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vertical wavelength longer than the Kelvin wave feature identified in the western Pacific, although407

they classify it as broadband noise. Thus, the signature of the Rossby wave is present even in408

Johnson et al. (2002), but they didn’t have sufficient off-equatorial deep CTD casts to find its409

coherent pattern across the basin. Iridium Argo floats have remedied that situation, allowing new410

insights into basin-wide off-equatorial Pacific Rossby-wave like signatures in the present analysis.411

Both Muench et al. (1994) in the Pacific and Johnson and Zhang (2003) in the Atlantic sug-412

gested that the observed EDJ signatures were about 1.5 times broader than their theoretical merid-413

ional scales. Our results agree with these two studies, extending that pattern to the Indian ocean.414

Muench et al. (1994) suggest that the presence of high-frequency motion aliases the observed415

meridional scale. In a modeling study Greatbatch et al. (2012) consider this widening, suggesting416

mixing of momentum along isopycnals as the cause. They find a widening by a factor of 1.5 over417

the linear theory for a realistic value of diffusion coefficient.418

Johnson and Zhang (2003) analyze vertical strain data and find the EDJs in the Atlantic to be419

primarily first-meridional-mode Rossby waves with a period of five years, a zonal wavelength the420

order of the basin width on the Equator, and downward phase propagation. Analyses of velocity421

data by Brandt et al. (2011) results consistent with these findings. Our analysis confirms these422

results with a somewhat longer sampling period. In the power spectra computed in Johnson and423

Zhang (2003) there is also a broadband peak located at a vertical wavelength slightly shorter than424

the Rossby signature, although the Rossby wave peak is much more powerful. Eriksen (1982)425

recognizes the Kelvin wave component in vertical displacement profiles by phase relations on the426

Equator, but a secondary peak in energy is seen around ±1.5◦ latitude at 36◦W, consistent with a427

first-meridional-mode Rossby wave.428

In the Indian Ocean, a broad peak was seen by Ponte and Luyten (1990), with a range of 500–429

429 stretched meters. The signal at 429 stretched meters vertical wavelength was classified as a430
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Kelvin wave, which agrees with our analysis. The signal at 500 stretched meters was then likely431

the first-meridional-mode equatorial Rossby-wave-like signature that we find. The peak at 660432

stretched meters vertical wavelength seen by Dengler and Quadfasel (2002) was found to be a433

first-meridional-mode Rossby wave, consistent with our analysis. Of course, the temporal and434

zonal coverage afforded by the CTD profiles allows us to make relatively robust estimates of the435

period and, to a lesser extent, the zonal wavelength of this signature.436

It has also been suggested (e.g., d’Orgeville et al. 2007; Bunge et al. 2008; Brandt et al. 2012)437

that the EDJs resemble basin modes (Cane and Moore 1981), which include equatorial Kelvin and438

long Rossby waves with zonal wavelengths equal to the basin width. The basin mode period is439

equivalent to the sum of the Kelvin and Rossby wave periods, so 4/3 that of the Rossby wave alone.440

The zonal wavelengths on the order of the width of the basins found here in all three oceans, at441

least for the Rossby-wave-like signals, are quite suggestive in this regard. Also in agreement with442

our findings, the meridional scale of these waves is broadened by mean zonal current structure, at443

least in the Atlantic (Claus et al. 2014) and to a greater extent by eddy viscosity (Greatbatch et al.444

2012), both of which eliminate the formation of a mid-basin caustic (Claus et al. 2014) . However,445

there are some aspects of the observations that are less consistent with a basin mode. Our inability446

to detect a coherent basin-wide equatorial Kelvin wave signal may be one discrepancy. Also,447

the observed variance of the off-equatorial strain at the Rossby Wave peak vertical wavelength448

increases to the west in all three basins (Figure 10), at odds with the signature of a simple modeled449

basin mode, where the Rossby Wave signature dissipates with distance from the eastern boundary450

(Claus et al. 2014). The observed variance at the peak vertical wavelength variance on the Equator451

(not shown) is fairly uniform with longitude in all three basins, where that simple modeled basin452

mode might exhibit variance decaying in amplitude from west to east.453
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The differences and similarities among the characteristics of the EDJ signatures in the three454

different oceans may help to narrow the possible range of plausible generation mechanisms for455

the EDJs. One modeling study, McCreary (1984) suggests that EDJs are superpositions of many456

long-wavelength Kelvin and Rossby waves, but the most visible in the model are a Kelvin wave457

and a first-meridional-mode Rossby wave. The deep jets have also been theorized to be generated458

by unstable Mixed Rossby-Gravity waves (e.g., Hua et al. 2008; Ascani et al. 2010). If that theory459

holds, how might it explain the differences in amplitude in the Atlantic and the other two oceans?460

Another theory for EDJ generation include large-vertical scale instability in western boundary461

currents (d’Orgeville et al. 2007). In support of this theory, the presence of stronger deep western462

boundary currents in the Atlantic than in the other two oceans might help explain the larger am-463

plitude EDJ signals there. Also, the upward energy propagation observed may be consistent with464

this theory, since a deep energy source might imply upward energy propagation, away from that465

source (Brandt et al. 2011). Ascani et al. (submitted) find that deep signatures of Tropical Instabil-466

ity Waves in an idealized numerical Atlantic Ocean form low-frequency, baroclinic, resonant basin467

modes – the EDJs. Their numerical EDJ characteristics are in broad agreement with our results.468

However, their EDJs weaken when realistic coastlines and seasonally varying winds are included469

in the model.470
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TABLE 1. Summary of profile data used.

Pacific Indian Atlantic

CTD 2,863 1,143 1,312

Argo – 1,941 –

Iridium Argo 7,113 24 –

Total 9,976 3,108 1,312
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TABLE 2. Quantitative analysis parameters for and characteristics of first-meridional-mode Rossby waves in

all three basins. Parameters include the depth-averaged buoyancy frequency (No(s−1)), the values of variance of

strain (σ2) used for normalization, the mean bottom depth along the Equator, the observed vertical wavelength

(λz), the implied vertical mode given λz and the mean bottom depth, the theoretical (l–theoretical) and observa-

tionally estimated (l–fit) meridional scales, the theoretical (λx–theoretical) and observationally estimated (λx–fit)

zonal wavelengths, and the observationally estimated periods of the waves.

554

555

556

557

558

559

Pacific Indian Atlantic

No(s−1) 0.0022 0.0022 0.0020

Mean variance (σ2) 0.0885 0.0625 0.0987

Mean bottom depth (dbars) 4,050 4,200 4,100

λz (sdbars) 207 < 360 < 933 203 < 428 < 961 373 < 467.5 < 635

Vertical mode 20 < 11 < 4 21 < 10 < 4 11 < 9 < 6

l–theoretical 0.51◦ < 0.67◦ < 1.08◦ 0.51◦ < 0.73◦ < 1.09◦ 0.65◦ < 0.73◦ < 0.85◦

l–fit 1.00◦ 1.09◦ 1.08◦

λx–theoretical 144◦ 71◦ 71◦

λx–fit 130◦±110◦ 70◦±60◦ 70◦±40◦

Period–fit (years) 12±5 5±1 5±1
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FIG. 3. Schematic of meridional structure of zonal velocity (U, dot-dashed line) and vertical strain (ξz, solid

line) for (a) an equatorial Kelvin and (b) a first-meridional-mode equatorial Rossby wave. Each x-axis is nor-

malized by the Kelvin wave meridional scale and y-axes shows scaled amplitudes. Figure follows Johnson and

Zhang (2003)
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FIG. 4. Meridional section of smoothed ξz within ±2.5◦ longitude of (a) 165◦E and (b) 110◦W using high

vertical resolution Argo CTD data taken from July 2013 to May 2014. Strain profiles are averaged in 0.5 latitude

bins prior to contouring. Contour interval is 0.2 for black lines with negative values blue and positive values red.
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FIG. 5. Zonal section of smoothed ξz within ±0.25◦ latitude of (a) the Equator and (b) ±1.5◦ latitude. Strain

profiles are averaged in 3.5 longitude bins prior to contouring. Other details follow Figure 4.
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FIG. 6. Temporal section of smoothed ξz within ±0.6◦ latitude of (a) the Equator and (b) ±1.5◦ latitude

within ±5◦ longitude of 110◦W using high vertical resolution Argo CTD data taken from 2010 through May

2014. Strain profiles are average in 0.4 year bins prior to contouring. Other details follow Figure 4.
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FIG. 7. Power spectra of ξz from all profiles (a,c,e) within ±0.17◦ latitude of the Equator and (b,d,f) between

±0.83◦ and ±1.25◦ latitude of the Equator in the (a,b) Pacific, (c,d) Indian, and (e,f) Atlantic oceans. Contour

intervals for variance are σ2, where individual profiles have been normalized by the mean variance of profiles

reaching 1990 dbars poleward of 3◦ latitude from the Equator in each ocean basin (Table 2).

626

627

628

629

37



4080200400
0

1

2

3

4

5
ξ z V

ar
ia

n
ce

 [σ
2
]

 

 

(a)

0
o

± 0.33
o

± 0.65
o

± 1
o

± 1.5
o

± 2.5
o

± 3.5
o

4080200400
0

1

2

3

4

5

6

7

ξ z V
ar

ia
n

ce
 [σ

2
]

 

 

(b)

0
o

± 0.33
o

± 0.65
o

± 1
o

± 1.5
o

± 2.5
o

± 3.5
o

4080200400
0

5

10

15

20

Vertical wavelength [sdbar]

ξ z V
ar

ia
n

ce
 [σ

2
]

 

 

(c)

0
o

± 0.33
o

± 0.65
o

± 1
o

± 1.5
o

± 2.5
o

± 3.5
o

4080200400
0

1

2

3

4

5
ξ z V

ar
ia

n
ce

 [σ
2
]

 

 

(a)

0
o

± 0.33
o

± 0.65
o

± 1
o

± 1.5
o

± 2.5
o

± 3.5
o

4080200400
0

1

2

3

4

5

6

7

ξ z V
ar

ia
n

ce
 [σ

2
]

(b)

4080200400
0

5

10

15

20

Vertical wavelength [sdbar]

ξ z V
ar

ia
n

ce
 [σ

2
]

(c)

FIG. 8. Average variance squared vs. vertical wavelength for various latitude bins (see legend) across the (a)

Pacific, (b) Indian, and (c) Atlantic oceans. The power is taken from a depth of 976 dbars (2410 sdbars) in the

Pacific, 1034 dbars (2500 sdbars) in the Indian, and 1240 dbars (2580 sdbars) in the Atlantic ocean to maximize

the vertical wavelengths resolved. Vertical scales vary from smallest in the Pacific to largest in the Atlantic.
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FIG. 9. Average power of vertical strain binned by distance from the Equator at the vertical wavelengths and

pressures of the peaks around ±1.5◦ latitude in Figure 8 in the (a) Pacific, (b) Indian, and (c) Atlantic oceans.

Two standard errors of the mean (error bars) are used to approximate two-tailed 95% confidence intervals.

Amplitudes of fitted Rossby waves (dashed lines), fitted Kelvin waves (dash-dotted lines), and the sums of the

two (solid lines) are shown for each basin.
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FIG. 10. Histograms of residuals of plane wave fits (Table 2) to phase estimates from vertical strain spectra

at the pressures and vertical wavelengths used in Figures 8 and 9 for the (a) Pacific Ocean using profile with

variance exceeding a 4.6 cutoff within 0.11◦ of ±1.4◦ latitude, (b) Indian Ocean exceeding 2.6 variance within

±0.17◦ of ±1.4◦ latitude, and (c) Atlantic Ocean exceeding 1.0 variance within ±0.6◦ of ±1.5◦ latitude. Vari-

ance for the stations (o’s) within those latitude ranges plotted vs. longitude along with the three cut-off levels

used (vertical dotted lines) in the (b) Pacific, (d) Indian, and (f) Atlantic oceans.
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